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Abstract

Conductive metal organic frameworks (MOFs) represent a promising class of porous crystalline materials that
have demonstrated potential in photo-electronics and photocatalytic applications. However, the lack of
fundamental understanding on charge transport (CT) mechanism as well as the correlation of CT mechanism
with their structure hampered their further development. Herein, we report the direct evidence of CT
mechanism in 2D Cu-THQ MOFs and the correlation of temporal and spatial behaviors of charge carriers with
their photoconductivity by combining three advanced spectroscopic methods, including time resolved optical
and X-ray absorption spectroscopy and terahertz spectroscopy. In addition to Cu-THQ, the CT in Cu/Zn-THQ after
incorporating Zn2+ guest metal was also examined to uncover the contribution of through space pathway, as the
presence of the redox inactive 3d10 Zn2+ is expected to perturb the long range in-plane CT. We show that the hot
carriers in Cu-THQ generated after photoexcitation are highly mobile and undergo fast localization to a lower
energy state (cool carriers) with electrons occupying Cu center and holes in ligands. The cool carriers, which
have super long lifetime (>17 ns), are responsible for the long-term photoconductivity in Cu-THQ and transport
through the O–Cu–O motif with negligible contribution from interlayer ligand π–π stacking, as incorporation of
Zn2+ in Cu-THQ significantly reduced photoconductivity. These unprecedented results not only demonstrate the
capability to experimentally probe CT mechanism but also provide important insight in the rational design of 2D
MOFs for photoelectronic and photocatalytic applications.

1. Introduction
Metal organic frameworks (MOFs) are a class of highly porous crystalline materials constructed from metal ions
or clusters connected by organic ligands.(1−4) Due to their unique properties resulting from structure tunability,
large surface area, and tunable porosity, MOFs have emerged as promising materials for a large variety of
applications such as gas storage(5) and separation,(6) sensing,(7) catalysis,(8,9) and drug delivery.(10) In

contrast, the use of MOFs as semiconducting light absorption and charge transport materials has received
relatively little attention due to their low electrical conductivity nature.(11) The low conductivity of MOFs can be
traced back to their inherent porosity, which prevents communication between adjacent units,(3) and the
nature of building blocks where hard metals are often connected to redox-inactive ligands with hard base
character, resulting in large energy gaps and confined electronic states.(12) Fortunately, benefiting from the
abundance of building blocks and structural diversity, recent development in the field has discovered
approaches to produce electrically conductive MOFs, leading to novel applications of MOFs in areas such as
optoelectronics, energy storage, and artificial photosynthesis.(8,13,14)
Strategies that have been used to construct MOFs with charge transport (CT) properties are based on two
approaches, i.e., through bond and through space approach (Scheme 1).(15) The through bond approach relies
on favorable spatial and orbital overlap between metal nodes and organic linkers for effective CT.(16,17) The
through space approach utilizes non-covalent interactions like π–π stacking between organic linkers to create an
extended pathway for charge delocalization.(18,19) Both approaches are expected to offer low energy pathways
for charge to transport either through hopping or band transport(15,20−22) and can be achieved by judicious
choice of stable organic ligands and suitable combination of the metal ions and chelating units.(23) For example,
2D MOFs based on tetrathiafulvalene, naphthalene, anthracene,(24) and naphthalenediimide ligands(25) exhibit
conductivity, which originates from the interlayer π–π stacking between the organic ligands, allowing efficient
CT from one sheet to another. MOFs based on linkers and metals that tend to form 1D second building units
display charge delocalization and conductivity, which can be attributed to the intralayer CT through bonds.(26)

Scheme 1. Graphic Representation of M-THQ (M = Cu or Zn)a
a
From top (a) and side view (b). The arrows in parts a and b illustrate through bond and through space charge
transport, respectively. (c) Molecular structure of single layer M-THQ MOF.
While the field of electrically conductive MOFs has experienced tremendous expansion in the last decade and
yielded a variety of MOFs with high mobility and conductivity, majority of these works focus on material design
principle and conductivity measurement, leaving the fundamental understanding of CT mechanism
underexplored; yet the latter is essential for the further development of this class of materials to be exploited in
optoelectronics, solar cells, and photocatalysis.(27) Among the few studies that have reported CT mechanism in
MOFs, methods such as probe based method(3,28) and non-contact spectroscopic methods including time
resolved microwave conductivity and terahertz spectroscopy have been used for measurements.(21) However,
probe-based approaches lack both spatial and temporal resolution of charge carrier behaviors, resulting in
ambiguity in the understanding of the CT mechanism at a molecular level. Non-contact time-resolved terahertz
spectroscopy offers both temporal and spatial resolution. Still, it can only probe sufficiently mobile charges and
cannot provide insight into the more localized aspects of the CT mechanism that may play a major role in the CT
at a molecular level.
In response to these challenges, herein, we report the study of the CT mechanism in 2D MOFs constructed from
Cu nodes connected by tetrahydroxyquinone (THQ), aiming for the direct correlation of both spatial and
temporal behaviors of charge carriers with their photoconductivity by combining three advanced transient
spectroscopic methods including optical transient absorption (OTA), X-ray transient absorption (XTA), and
optical pump terahertz probe (OPTP) spectroscopy. In addition to Cu-THQ, the CT in Cu/Zn-THQ after

incorporating Zn2+ guest metal nodes was also examined to uncover the contribution of through space pathway
as the presence of the redox inactive 3d10 Zn2+ is expected to perturb the long range in-plane charge
delocalization.(29)

2. Experimental Section
Materials

Tetrahydroxy-1,4-benzoquinone hydrate (96.0% TCI), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, Alfa Aesar), zinc
acetate dihydrate (Zn(CH3COO)·2H2O, 99% Acros Organics), copper nitrate hemi pentahydrate,
(Cu(NO3)2·2.5H2O, 99% Acros Organics), ethylenediamine (C2H8N4, 99% Acros Organics), and chloroform (Alfa
Aesar, 99.8%) were the materials used.

Synthesis of M-THQ MOFs (M = Cu or Zn)

Cu-THQ was synthesized according to previously published protocols.(30) Briefly, tetrahydroxy-1,4benzoquinone hydrate (THQ) (300 mg, 1.74 mmol) was dissolved in 100 ml of degassed H2O under N2 protection.
A mixture of Cu(NO3)2·2.5H2O (532 mg, 2.29 mmol) and ethylene diamine (230 μL, 3.45 mmol) in 100 ml of
degassed H2O was transferred to the THQ solution under vigorous stirring. The reaction was left to further react
for 12 h with stirring at room temperature. The product was filtered and washed with H2O (100 ml) twice and
acetone (50 ml) twice. The product was collected after centrifugation at 6000 rpm and then dried overnight in
an oven at 80 °C for further characterization. Zn2+ doping was achieved by using half the amount of Cu2+ (1.145
mmol) sources with Zn(NO3)2.6H2O (1.145 mmol), which resulted in the formation of mixed-node Cu/Zn-THQ
MOF. To synthesize Zn-THQ MOF, 2.29 mmol Zn(NO3)2·6H2O was used.

Standard Characterization

XRD patterns were obtained through a Rigaku Miniflex II XRD diffractometer with a Cu Kα radiation source. UVvisible absorption and diffuse reflectance data were recorded with a Cary 5000 UV-VIS-NIR spectrophotometer
with an internal diffuse reflectance accessory. FTIR spectra was performed with solid samples on a Thermo
Fischer Scientific iS5 FTIR spectrometer equipped with an iD3 ATR accessory. XPS measurements were
performed using the Kratos AXIS Supra equipped with a monochromatic Al Kα X-ray source, running at a power
of 300W, and operating at 15 kV. All samples were measured with a 300 × 700 μm2 spot size and an operating
chamber pressure <10–8 Torr.

Femtosecond Optical Transient Absorption (OTA) Spectroscopy

A regenerative amplified Ti-Sapphire laser (Solstice, 1 kHz repetition rate, 800 nm, <100 fs FWHM, 3.5 mJ/pulse)
provides the pump and probe pulses for OTA measurements. The tunable (235–1100 nm) pump is generated by
TOPAS from 75% of the Solstice output and is chopped at 500 Hz. The remaining 25% of Solstice output is used
to generate white light in a sapphire crystal (420-750 nm) in a Helios ultrafast spectrometer (Ultrafast Systems
LLC). The film sample on glass substrate is translated continuously to avoid sample degradation from the 450 nm
pump pulses (0.75 μJ/pulse).

X-ray Transient Absorption (XTA) Spectroscopy

The XTA experiment was performed at beamline 11-ID-D at APS and is described in our earlier
report.(29) Briefly, 400 nm optical pump pulses were produced by a commercial regeneratively amplified
Ti:Sapphire laser: a 3 kHz, 100 fs (FWHM), 3.3 mJ, 800 nm pulse train, which was produced by a Legend Elite Duo
amplifier system seeded by a Micra-5 oscillator and pumped by an Evolution intracavity-doubled, diode pumped
Nd:YLF Q-switched laser. The 800 nm signal output was then doubled with a BBO crystal to produce 400 nm
laser pulse. The laser pump and X-ray probe are overlapped in a flowing sample stream 550 μm in diameter.
Avalanche photodiodes with Z-1 soller slit filters were positioned at 90 deg on both sides of the incident X-ray

beam. The laser-on and laser-off spectra were collected at a specified delay time after the laser pump pulse
excitation of a given MOF sample. The difference spectra were obtained by taking the difference between laseron and laser-off spectra.

Optical Pump Terahertz Probe (OPTP) Spectroscopy

Samples were prepared into tape cells according to the previously reported method.(31) Briefly, a business card
is cut into approximately 3 cm2 pieces, a hole is punched (7 mm diameter), and acrylic tape is placed on one side
of the card. The tape used is Intertape Polymer Group model number 291 (thickness 2.5 mil = 63.5 μm). The tape
cell is cleaned with isopropanol prior to the measurement.
The measurements were taken using an amplified Ti:sapphire laser. The Spectra-Physics Spitfire Ace amplifier
emits pulsed 4 W, 35 fs, 800 nm light at 1 kHz repetition rate. The beam is split into optical pump, terahertz
generation, and detection beams. A 400 nm optical pump beam is generated by frequency doubling 800 nm light
using a Type I β-barium borate (BBO) crystal (Eksma Optics). The remainder of the light is used to generate a
plasma source to obtain THz radiation, and the detection beam is used to detect signal using free space electrooptic sampling in a ZnTe (110) crystal. Frequency-dependent experiments were performed at a pump-probe
delay of 500 fs and were processed with both no model and the thin film approximation, as described
previously.(31−33) The thin film approximation yielded similar results and was used for the presented data.

Time-domain Terahertz Spectroscopy (THz-TDS)

THz-TDS was performed as described previously(33,34) using an 800 nm oscillator (Spectra Physics Mai Tai) and
photoconductive antennas for THz generation/detection. The measurements were performed on tape cells with
an empty tape cell as a reference. A cryostat was used to collect data at 300, 200, and 100 K using liquid N2. Due
to no apparent temperature trends, the presented data is the average over the three temperatures, two
samples per material, and three locations on each sample.

Computational Modeling

Density Functional Theory (DFT) calculations were performed on user defined hexagonal unit cells each
consisting of two deprotonated THQ ligands and three metal ion centers. The augmented planewave (PAW)
method from the GPAW(35,36) python package with Atomic Simulation Environment(37) interface was used for
both structural optimization and electronic band structure calculations. The PBEsol exchange-correlation
functional(38) was used for structural optimization, and the revised-PBE(39) exchange-correlation functional
was used for electronic band structure calculations. Double-zeta planewave basis sets under a 400 eV kineticenergy cutoff with a single polarization function were used for valence electrons to construct the all-electron
wavefunction with frozen-core electrons. Suitable convergence was found for a Γ-centered Brillouin zone that
was divided into a 1x1x3 k-point mesh for structural optimization and a 5x5x5 k-point mesh for electronic band
structure calculations. For structural optimization, the unit cell was allowed to optimize alongside atomic
positions based on the Pulay stress estimated by the kinetic energy of an isolated atom. Convergence for the
optimization was not satisfied until the forces on all atoms was less than 0.01 eV/Å. The electronic band
structure calculations were performed on the optimized unit cells which converged to triclinic. To find a suitable
path through the Brillouin zone of the triclinic unit cell along the high symmetry k-lines, an automatic detection
algorithm was used.(40)

3. Results and Discussion
3.1. Synthesis and Characterization of M-THQ (M = Cu or Zn)

The 2D Cu-THQ and Cu/Zn-THQ (Cu/Zn = 44:56) MOFs (Scheme 1) are synthesized by kinetically controlled
synthesis procedure following the previously published protocols (details in Experimental Section).(30) The

Fourier transform infrared (FTIR) spectrum of the THQ ligand (Figure 1a) shows absorption features at 3350 and
1700 cm–1, which results from O–H and C═O stretching modes, respectively.(30) These features disappear in the
M-THQ samples, suggesting full deprotonation and reduction of the ligand due to coordination to metal nodes.
Meanwhile, a new broad band at 3000 cm–1 was observed in the spectra of M-THQ MOFs. This band can be
assigned to NH stretching modes and originated from ethylenediamine molecules within the MOF for balancing
charge.(30) The formation of M-THQ is further supported by the diffuse reflectance UV-Visible-Near IR spectra.
As shown in Figure 1b, THQ ligand shows a broad absorption in UV-visible region with tails extended to the near
IR region corresponding to n-π transition.(41) Compared to the spectrum of THQ ligand, an additional broad
absorption was observed in the near IR region (> 900 nm) of M-THQ spectra. As this broad absorption is not
observed in the spectrum of Zn-THQ (Figure S1), we assigned this absorption to either the intramolecular charge
transfer band or Cu d-d transition, in good agreement with previous data of Cu-THQ.(30)

Figure 1. FTIR (a) and diffuse reflectance spectra (b) of Cu-THQ, Cu/Zn-THQ, and THQ ligands in solid state. (c)
The XRD patterns of Cu-THQ and Cu/Zn-THQ. (d) Cu and Zn local coordination geometry in M-THQ MOF.
Powder X-ray diffraction (XRD) was used to examine the crystalline nature of M-THQ. As shown in Figure 1c, the
XRD patterns of M-THQ agree well with the standard Kagome lattice and previously published patterns for CuTHQ,(30) further supporting the formation of crystalline M-THQ. Rietveld refinement of Cu-THQ (green lines
in Figure 1c) suggest that it belongs to the Cmcm space group with a base-centered orthorhombic unit cell in line
with previous works.(30) Density functional theory (DFT) calculations with PBEsol exchange-correlation
functional predicts that Cu-THQ will arrange itself in a planar manner within a triclinic unit cell that is nearly
hexagonal (Figure 1d, left panel). The planar arrangement occurs owing to the preferential square planar
arrangement of the Cu2+ ion. The Zn2+ variant is distorted arising from Zn2+ preferentially adopting a coordination
environment that is influenced by O1– ions in adjacent layers (Figure 1d, right panel). The N2 adsorption isotherm
(Figure S2) at 77 K reveals a BET surface area of 139.08 m2/g for Cu-THQ in agreement with earlier reports.(30) A
similar result was obtained for Cu/Zn-THQ (159.19 m2/g), showing maintenance of the intrinsic porosity on Zn
dilution.
X-ray photoelectron spectroscopy was used to determine the charges on M-THQ MOFs. The XPS scan of
Cu2P3/2 in both Cu-THQ and Cu/Zn-THQ displays a dominant peak at 933 eV, satellite peaks characteristics of
Cu2+, and a trace amount of Cu+ (Figure S3a), which agree with the previous literature data,(30) suggesting the
presence of a mixed valence state of Cu center in both samples. Furthermore, O 1s XPS scans (Figure S3b) shows
that the binding energy for the O 1s electrons increases in the order of Cu-THQ, Cu/Zn-THQ, and Zn-THQ,
suggesting that electron density on the O-M-O motif reduces with Zn dilution.

3.2. CT Mechanism by Probing Exciton Dynamics using OTA

Femtosecond optical transient absorption (OTA) spectroscopy was used to examine the carrier dynamics and CT
mechanism in Cu-MOF and Cu/Zn-MOF. Figure 2a shows the OTA spectra of Cu-THQ following 450 nm
excitation. Immediately following the excitation, the OTA spectra show a broad negative feature at 470–660 nm
and a positive feature at >700 nm (denoted as E1). Recent computational studies(42) suggested that Cu-THQ
behaves as a semiconductor with a highly dispersive conduction band, suggesting that a semiconductor exciton
model rather than a molecular model should be used to interpret OTA spectra. As a result, the negative feature
can be assigned to the exciton bleach (EB) band resulting from the reduced oscillation strength of the transition
from the valence band (VB) to the conduction band (CB) due to electrons filling the CB.(43,44) The positive
feature (E1) can be attributed to the electron absorption due to the transition from the lower to the higher
energy level of CB. The EB band centered at 620 nm recovers, and E1 decays quickly with time, where an
isosbestic point was observed at 700 nm, suggesting that they represent the same relaxation process, i.e.,
electrons in the CB recombine with the hole in VB. It is interesting to note that the EB at ∼525 nm evolves to be
positive after 5 ps, indicating that EB at ∼525 nm overlaps with electron absorption at the same region (denoted
as E2), where E2 has a different nature from E1 as E2 decays slower than E1 at early time. These spectral
evolutions can be more clearly seen from the comparison of their kinetic traces (Figure 2b), where the kinetics
of EB (620 nm) follow E1 (700 nm) but E2 (525 nm) becomes positive at later time.

Figure 2. OTA spectra of Cu-THQ (a) and Cu/Zn-THQ (c). (b) The comparison of kinetic traces of Cu-THQ at 750,
620, and 525 nm. (d) The comparison of kinetic traces of EB band for Cu-THQ at 620 nm and Cu/Zn-THQ at 580
nm.
As the OTA spectra of the THQ ligand in chloroform solution (Figure S4a) show distinct features, i.e., ground
state bleach centered at 480 nm and excited state absorption with well-defined band centered at 560 nm, the

conjugated structure in Cu-THQ must be responsible for the observed spectral features. In addition, the OTA
spectra of Zn-THQ (Figure S4b) also show very distinct features from that of Cu-THQ, where a much sharper
negative band at 570 nm and two well-defined positive features centered at 520 and 625 nm were observed in
the spectra of Zn-THQ. Given that the Zn2+ node with closed shell 3d10 electron configuration is anticipated to
prevent the ligand-M-ligand through-bond CT pathway in Zn-THQ,(29) the spectral evolutions in the OTA spectra
of Cu-THQ are likely due to the delocalized intralayer excitons which transport via through-bond pathway. The
OTA spectra of Cu/Zn-THQ (Figure 2c) show similar spectral shape (EB, E1, and E2) as that of Cu-THQ. However,
compared to that of Cu-THQ, the EB band in Cu/Zn-THQ is narrower. In addition, significant blue shift was
observed for EB and E1 with respect to Cu-THQ, yet a negligible shift was observed for E2. Previous studies have
shown that the broadness of the OTA spectral features in a zirconium based MOF (NU-1000) is associated with
the presence of loosely bound excitons and high carrier density.(45) As a result, the broader EB in Cu-THQ than
that in Cu/Zn-THQ suggests the decreasing delocalization of carriers and carrier density in M-THQ when some
Cu2+ ions are replaced by Zn2+, which is consistent with photoconductivity measurements discussed later. This
also explains the hypsochromic shift of EB in the spectra of Cu/Zn-THQ with respect to Cu-THQ, where
Zn2+ partially blocks intralayer charge delocalization, resulting in more tightly bound excitons with lower mobility
and/or carrier density and thus fewer dispersive states.
Note that E2 was observed in the spectra of both samples and shows negligible shift upon the incorporation of
Zn2+, indicating that the degree of intralayer delocalization through ligand-Cu-ligand conjugated motifs has little
impact on E2. This may suggest that E2 originates from localized ligand states and/or interlayer excitons as a
result of ligand π–π conjugation. We can exclude the contribution of interlayer CT (through space) to E2 as
negligible photoconductivity was observed in Zn-THQ (Figure S5). As a result, we attribute E2 to the absorption
due to localized ligand state, i.e., tightly bound excitons. This also explains the slower decay kinetics of E2 than
E1 at early time in Cu-THQ and Cu/Zn-THQ, as loosely bound intralayer excitons (E1) may undergo additional
ultrafast localization process to form localized excitons. This assignment is further supported from the
comparison of their kinetic traces of EB (Figure 2d), which shows that EB recovery in Cu-THQ is faster than in
Cu/Zn-THQ. The OTA kinetic traces can be fit by a three-component decay function. The best fits to the kinetics
are also shown in Figure 2d with their fitting parameters listed in Table S1. The ultrafast time constant (τ1∼ 0.4
ps) in both samples may result from exciton localization to ligand state or trapping process, while τ2 (∼ 8–17 ps)
and τ3(≫5 ns)may be attributed to exciton recombination time constants. τ3 is much longer than our OTA time
window (5 ns), suggesting that M-THQ has long-lived intralayer excitons.

3.3. Unravelling the Atomic-level Nature of Long-lived Intralayer Exciton using XTA

To gain insight into the nature of the long-lived intralayer excitons, we measured the electronic structure at the
Cu center in both Cu-THQ and Cu/Zn-THQ using X-ray transient absorption (XTA) spectroscopy, a powerful
technique that is element sensitive and allows us to directly probe the electron density at the Cu site upon
photoexcitation with a 400 nm laser pump pulse.(46)Figure 3a shows the ground state X-ray absorption near
edge structure (XANES) spectrum of Cu-THQ as well as its XANES difference spectra collected at 100 ps and 5 ns
after excitation. The difference spectra were obtained after subtracting the laser-off (ground state) spectrum
from the laser-on (with excitation) spectrum. Two prominent positive features observed at 8.983 and 8.989 keV
in the difference spectrum of Cu-THQ, assigned to 1s→ 4pz (+ shakedown) and the main 1s → 4pxy transitions,
respectively,(47,48) indicate that the absorption edge moves to lower energy, i.e., the Cu center in Cu-THQ is
reduced upon photoexcitation.(49) Because Cu and THQ ligand are the only two components in Cu-THQ, the
reduction of Cu center must be accompanied by the oxidation of THQ, suggesting that the nature of the
intralayer excitons has electrons located at the Cu center while holes are located at THQ. The splitting of the 1s–
4p transition into 1s→ 4pz and 1s → 4pxy transitions likely results from the square planar geometry of Cu center
in Cu-THQ, which has no ligand orbitals in the z-direction and thus lowers the energy of the 1s–4pz transition.

Figure 3. Difference XANES spectra of Cu-THQ (a) and Cu/Zn-THQ (b), which were obtained by subtracting the
laser-off (ground state) spectrum (black plot) from laser-on spectrum collected at 100 ps and 5 ns. (c) The
comparison of XTA kinetics for Cu-THQ at 8.989 keV and Cu/Zn-THQ at 8.983 keV. (d) The comparison of OPTP
traces of the Cu-THQ and Cu/Zn-THQ.
However, the 1s → 4pxy transition is no longer prominent in Cu/Zn-THQ (Figure 3b) and only the 1s–
4pz transition with shakedown contribution at 8.983 keV is observed. Because the presence of the double
transition of Cu K edge XANES spectrum in Cu(II) bis-diimine complexes was believed to be associated with high
degree of covalency,(49,50) the absence of the 1s → 4pxy transition in Cu/Zn-THQ suggests less covalency in
Cu/Zn-THQ with respect to that in Cu-THQ. This is because the introduction of Zn2+ into Cu-THQ prevents
intralayer charge delocalization, which reduces the degree of in plane covalency. These results together suggest
that the intralayer excitons are transported through ligand-Cu-ligand pathway, where the presence of Zn ion in
M-THQ reduces in plane covalency and blocks through-bond transport, which is consistent with our OTA results
and OPTP results discussed later. The consistency of the XTA and OTA results was further supported from the
comparison of XTA kinetic traces of Cu-THQ (probed at 8.983 keV) and Cu/Zn-THQ (probed at 8.989 keV). As
shown in Figure 3c, the kinetics of both samples show a super long-lived component (>17 ns), corresponding to
the long time constant (τ3) in OTA kinetics. Similar to OTA results, the kinetic trace of Cu-THQ decays much faster
than that in Cu/Zn-THQ, suggesting shorter lived excitons in the former than the latter.

3.4. Photoconductivity Dynamics via OPTP Spectroscopy

The OTA and XTA results together suggest that photoexcitation of Cu-THQ leads to the formation of long-lived
intralayer charge carriers, comprising electrons and holes, with electrons being mainly Cu-localized and holes
being mainly THQ ligand-localized. Moreover, it was found that the introduction of Zn2+ to M-THQ partially
blocks intralayer charge carrier delocalization. The natural question following these interesting findings is
whether these delocalized intralayer charge carriers exhibit photoconductivity. In order to uncover the
correlation of intralayer charge carriers and photoconductivity behavior of M-THQ, we measured the
photoconductivity of these samples by probing the free carrier dynamics using optical pump terahertz probe
(OPTP) spectroscopy.(21,32,51−55)Figure 3d shows OPTP dynamics for Cu-THQ and Cu/Zn-THQ following 400
nm excitation. Note that both samples are adequately thick to fully absorb the pump pulse. It can be seen that
photoconductivity is present in both samples evidenced by the attenuation of THz after photoexcitation. At time
zero (a pump delay tpump = 0), a rapidly decaying peak in the signal is observed, which is followed by a slower
decay at longer delay. The normalized traces (Figure S5) show that the dynamics observed are very similar in
both samples and that the traces do not decay to baseline within the measured 300 ps pump-probe delay time
window, suggesting a long-lived component of the photoconductivity. It is interesting to note that the inclusion
of Zn into Cu-THQ results in an approximately 50% decrease of the peak OPTP signal. Supporting this trend, it

was observed that the photoconductivity of Zn-THQ is below the detection limit of OPTP experiments (Figure
S5). Because the measured photoconductivity is a product of the carrier mobility and carrier density,(56) we can
conclude that incorporation of Zn into MOFs significantly reduces the carrier mobility and/or density, consistent
with OTA and XTA results. These qualitative observations are based on the peak THz attenuation within the IRF
time scale; however, modeling demonstrates the same trend, as discussed below.
Because similar decay dynamics were observed for both MOFs, the same multiexponential fit model was used to
model the photoconductivity dynamics.

(1)

∆𝑇𝑇𝑇𝑇𝑇𝑇(𝑡𝑡) = − �𝐴𝐴1 �𝑒𝑒 −(𝑡𝑡−𝑡𝑡0 )⁄𝜏𝜏1 � + 𝐴𝐴2 �𝑒𝑒 −(𝑡𝑡−𝑡𝑡0 )⁄𝜏𝜏2 � + 𝐴𝐴3 �𝑒𝑒 −(𝑡𝑡−𝑡𝑡0 )⁄𝜏𝜏3 �� ⊗ 𝐺𝐺𝑅𝑅

Three-time components, represented as the time constants τ1, τ2, and τ3, were required to adequately describe
the decay dynamics, and therefore they were fit to a gaussian-convoluted triexponential function (eq 1) with
best fit parameters shown in Table S3. The first-time component (τ1) is instrument response-limited and
immediately follows the incident pump pulse. It is fixed to 0.4 ps, which is equivalent to the FWHM of the
gaussian instrument response function (IRF) that is convoluted with the fit model. The decay of the trace
appears to have 2 additional time components, one on the time scale of 2-5 ps (τ2) and one that acts as a
baseline offset (τ3) to describe remaining photoconductivity signal persistent beyond the measured delay range
of 300 ps. The decay in THz attenuation is due to the loss of mobile carriers. This loss can be attributed to a
variety of physical processes, such as electron-hole recombination, carrier trapping to non-mobile states, and
relaxation to lower energy states with lower mobility.(56,57) The ground state refractive indices of Cu-THQ and
Cu/Zn-THQ were determined using time-domain terahertz spectroscopy (THz-TDS) and are shown in Figure S6a–
c. These optical properties are within uncertainty between Cu-THQ and Cu/Zn-THQ, suggesting similar ground
state properties in the THz frequency regime. The frequency-dependent photoconductivity of Cu-THQ was
measured at a time delay (tpump) of 500 fs, which is in the time regime of τ1 and τ2. The photoconductivity (Figure
S6d) shows a value of approximately 0.2 S/m. While the signal for Cu/Zn-THQ was prohibitively small to measure
in frequency-dependent experiments, the OPTP results in Figure 3d suggest that the photoconductivity of Cu/ZnTHQ is approximately half of that of Cu-THQ (i.e., 0.1 S/m).
With a combination of the results from OTA, OPTP, and XTA studies, τ1 may result from carrier trapping or
relaxation to lower energy states with lower mobility (e.g., partial localization) while τ2 and τ3 represent a decay
component that is beyond the typical time scale for carrier trapping and can be assigned to the recombination
of electrons and holes. The presence of long-lived time constant (τ3) in OPTP experiment suggests that the longlived intralayer excitons observed in OTA and XTA experiments are photoconductive and are featured by Culocalized electrons and THQ ligand-localized holes.

3.5. Electronic Structure Predicted by DFT and the Correlation with Spectroscopic
Results

To gain even more insight on the nature of these photoconductive intralayer excitons, we performed electronic
structure DFT calculations with revised PBE exchange-correlation functional. The computational methodology
predicted remarkably different VB and CB for Zn-THQ and Cu-THQ (Figure 4a,b). For each of the MOFs, the VB
crosses the respective Fermi level (FL), which indicates that ground state conductivity is thermodynamically
possible. The distinct difference arises from the dispersion of the FL crossing VB and the density of states (DOS)
present both at and above the FL. The VB of Zn-THQ crosses the FL only marginally along the X-Γ k-line. Along
the Y-Γ and Z-Γ k-lines, the VBs have low dispersity (9.1me and 27me, respectively). In contrast, most of the VB of
Cu-THQ resides above the FL and has more dispersion than that in Zn-THQ, which can be best illustrated by a

20% lower effective electron mass along the X-Γ k-line in Cu-THQ than Zn-THQ. In addition, the dispersions along
the Y-Γ (4.7me) and Z-Γ (3.5me) k-lines as well as the DOS at the FL in Cu-THQ are also much higher than that in
Zn-THQ. Moreover, the atom resolved DOS reveals that the VB of Zn-THQ is not primarily comprised of orbitals
belonging to the Zn2+ ion, which suggests that any carrier mobility must proceed through the organic portions of
the framework. This is further reflected in the bands above the FL, which also results predominantly from
electron orbitals of carbon atoms. In contrast, the predominant contribution to the VB in Cu-THQ comes from Cu
and O orbitals and the bands above the FL have large DOS values that primarily arise from the electron orbitals
of Cu. These results together suggest the covalency in the O–Cu–O bond, through which ground and excited
state carrier transport can evidently proceed, and the incorporation of Zn2+ in Cu-THQ is anticipated to reduce
carrier density and/or mobility. These computational results are consistent with our spectroscopic data, where
the greater EB band broadening observed in the OTA spectra of Cu-THQ than that in Cu/Zn-THQ indicates the
presence of more delocalized carriers which are transported through the O–Cu–O bond (XTA results), consistent
with higher photoconductivity (larger OPTP signal) in Cu-THQ than that in Cu/Zn-THQ.

Figure 4. Band structure diagrams (see Figure S10 for real space interpretation of Brillouin zone) and atomic
orbital projected density of states calculated using the revised PBE exchange-correlation functional for Cu-THQ
(a) and Zn-THQ (b). (c) Schematic representation of exciton relaxation dynamics. (d) The cartoon illustrating that
the incorporation of Zn2+ to Cu-THQ blocks intralayer exciton delocalization.
Taking the spectroscopic and computational results together, we proposed a model for the CT mechanism in CuTHQ. As shown in Figure 4c, the photoexcitation of Cu-THQ promotes electrons from the VB to CB, generating
hot electrons in CB and holes in the VB. These hot carriers have high mobility and quickly relax down to a lower
energy level in CB/VB that has smaller mobility (more localized state) as supported by both OTA and OPTP. This
relaxation process corresponds to the ultrafast decay time (τ1) observed in both OTA and OPTP. The electron and
hole recombination then occur with time constants ranging from a few picoseconds (τ2) to ≫5 ns (τ3). OPTP
results indicate that the short-lived hot and long-lived cool carriers in Cu-THQ all exhibit mobility, suggesting
that Cu-THQ is photoconductive. The photoconductivity of Cu-THQ is reduced by half upon replacing ∼50% of
Cu2+ (3d9) by Zn2+ (3d10) and disappears in Zn-THQ, suggesting that the intralayer rather than interlayer transport
is responsible for the observed photoconductivity (Figure 4d). As suggested by both XTA and DFT results, the

photoconductivity of Cu-THQ primarily proceeds through the O–Cu–O motif with negligible contribution from
interlayer π–π stacking between the THQ ligands.

4. Conclusion
In summary, we report direct evidence of the charge transport mechanism in Cu-THQ MOF and the correlation
of temporal (sub-picosecond to nanosecond regime) and spatial (atomic level) behaviors of carriers with their
photoconductivity using the combination of three advanced time resolved spectroscopies. We show that the hot
carriers (high mobility) generated after photoexcitation undergo an ultrafast localization process and relax down
to a lower energy state (cool carriers) with super long lifetimes (>17 ns). The long-lived cool carriers are
transported through the O–Cu–O motif with negligible contribution from the interlayer π–π stacking of the
ligands, which is responsible for the long-term photoconductivity of Cu-THQ. These findings are unprecedented:
the discovery of hot carriers with high mobility in Cu-THQ suggests the importance of design systems that can
dissociate these highly delocalized hot carriers before they cool down. The revelation of the presence of longlived mobile carriers which are transported through the O–Cu–O motif in Cu-THQ implies not only the possibility
of the further optimization of these materials through tuning the chain structure but also a great promise of the
extraction of these long-lived excitons for effective use in photocatalysis, solar cells, and photo-electronics.
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